Petrophysical properties (such as porosity, permeability, grain density, bulk density, electrical resistivity, and P-wave velocity), as well as the anisotropy of the permeability, seismic velocity (P-wave velocity) and electrical resistivity were characterized in 42 carbonates (limestone) rock samples, collected from shallow wells (seven wells encountered the Upper Cretaceous carbonate rocks with variation in thickness, where well 1 encountered 50 ft thick Nubian sandstone, which decreased to about 30 ft thickness in well 7) from Tushka area, Egypt.
Introduction
The permeability of most sedimentary rocks indicates an anisotropic behavior with maximum permeability parallel to the plane of bedding. The permeability and the anisotropy of permeability depend on many factors, such as porosity, grain sorting and grain size distribution, cementation, clay content, and sedimentary fabric [20] . The complementary information on pore space, anisotropy, grain arrangement and their influences on elastic anisotropy, can be given by the incorporation of microstructural observations [11] . The fossil shape anisotropy and orientation is the main contributor to the anisotropy of both electric resistivity and permeability of highly fossiliferous limestones [15] . The anisotropy of permeability and seismic velocity is directly related to the anisotropy of the elastic rock frame, especially in the presence of fractures [4] . The anisotropy of permeability for sandstones is well correlated with the presence of bedding, while for volcanic rocks it is clearly related to the orientation of vesicles or cracks. However, no evident link between the geometry of the porous network and the permeability anisotropy appears for limestones probably because of the influence of the nonconnected porosity that does not contribute to the hydraulic transport [2] .
Acoustic laboratory measurements have been conducted on clastic (sandstone) and non-clastic (limestone) rock samples to learn more about the behavior of acoustic wave velocities in clastic and non-clastic rock samples [7, 8] . The elastic anisotropy is mainly controlled by the presence of an oriented system of open micro cracks, which may develop as a result of rock forming processes or tectonic deformation [12] .
The seismic anisotropy is related to lithology, rock fabric and texture, and to its diagenetic history. So, that the analysis of seismic anisotropy provides an important tool for reservoir characterization and environmental and engineering applications [10] .
The present study aims to throw light on petrophysical characterization of limestone rock samples of the Upper Cretaceous collected from Tushka Area, Egypt (Tushka area located at a latitude between 22°30 0 and 22°45 0 N and longitude between 31°45 0 and 32°00 0 E as shown in Fig. 1 ), with the main focus on the anisotropy of the permeability, electrical resistivity, and P-wave velocity. This part of the Tushka area is described as a flat topography with an elevated plateau to the north by the dissected plateau of Sinn El-Kaddab [19] . Issawi et al. (1969 Issawi et al. ( , 1999 established a more detailed formation division of Tushka area as follows:
Dungul Formation (Early Eocene) (Issawi et al., 1969) 
Sampling and methods
The petrographic studies are based on the investigation of 17 thin sections that were prepared using vacuum impregnation with blue epoxy. The microscopy proved to be useful in the recognition of both porosity types and mineral composition of the rock matrix and cement. The petrophysical measurements were conducted on 42 carbonate samples (26 samples represent MFA-1, while 8 samples represent MFA-2, and 8 samples represent MFA-3). Fig. 1 . Geological map of Egypt (modified after Said, 1962 [19] ) indicating the location of the study area.
The samples were prepared in two directions (parallel and perpendicular to the bedding planes) by cutting cylindrical core plugs with a diameter of about 2.5 cm and a length of up to 3.5 cm. The samples were cleaned using soxhlet extraction. Toluene was used to remove any residual hydrocarbons, and methanol was used to remove residual salts.
The laboratory measurements of petrophysical parameters (porosity, permeability, and bulk and grain density) were performed under ambient conditions after drying of the samples. An electronic balance provided the mass of the dry and fully water saturated samples. An additional weighting of the immersed sample and using the Archimedes' principle yields the volume of the sample in cm 3 . The bulk density (r b ) of rock samples was calculated from the ratio between the dry mass (m d ) and the bulk volume of the sample (V b ):
The grain density (r g ) was determined by the ratio between dry mass and the volume of the solid constituents of the rock or volume of rock grains (V g ):
V g is determined by a matrix cup helium porosimeter (Heise Gauge type) for grain volume estimation and it can be determined from the difference between the bulk volume of the sample V b and the volume of the pore space V p :
The pore volume V p is determined from the difference between the bulk volume of the sample and the grain volume. Porosity (/) is defined as the ratio of the volume of void or pore space V p to the bulk volume V of the rock sample:
The gas permeability (k) has been determined by a steady state permeameter. The electrical resistivity (q o ) was measured using the resistivity meter model Gen Rad 1689 MRLC Digibridge and a Hassler type core holder with two copper electrodes for cylindrical core samples fully saturated with sodium chloride solution at 60000 ppm. This brine solution concentration results in a water resistivity q w3 = 0.116 Om. The formation resistivity factor (F) according to Archie (1942) [1] is defined as the ratio between the resistivity of a fully saturated porous rock (q 0 ) and the resistivity of the electrolyte (q w ):
The relation between both formation resistivity factor (F) and porosity can be described by the following equation ( 
The compressional wave velocity (P-wave velocity, v p ) of the full water saturated samples were measured by an equipment of Inspection Technologies (USLT 2000) at ultrasonic frequencies of about 1 MHz, at room temperature and ambient pressure. The velocity of the samples is related to its elastic coefficients, internal structure, and density. A material is anisotropic if the value of the directional petrophysical parameters of a rock property (e.g. permeability, electrical resistivity and P-wave velocity) varies with orientation of the samples (parallel to the bedding plane in the horizontal direction while the other is perpendicular to bedding plane in the vertical direction). Anisotropy of permeability (A k ) could be expressed by several formulas. A simple approach, [21, 22] 
Halisch et al. (2009) [5] , proposed another coefficient of anisotropy of permeability that enables better comparability of electrical and hydraulic anisotropy:
Serra (1988) [25] referred to the importance of measuring electric resistivity in two directions; the first is parallel to the bedding
Þwhile the other is perpendicular to bedding plane in the vertical direction q V ¼ q t ð Þto calculate electric anisotropy (A q ). In the case of saturation with high salinity brine, the influence of surface conductivity can be ignored [18] , so that in this study the resistivity at saturation with high salinity brine will be considered. In the case of anisotropic samples, the resistivity depends on the direction of current flow. According to a definition given by Keller and Frischknecht (1966) [9] , the coefficient of anisotropy (A q ) is determined by taking the square root of the ratio of resistivity measured in the two principal directions, across the bedding planes (vertical or transversal resistivity q v = q t ) and along the bedding planes (horizontal or longitudinal resistivity q H ¼ q l ):
Since for layered structures the transversal resistivity in general, exceeds the longitudinal resistivity, the coefficient of anisotropy A q can be assumed to be larger than one. The longitudinal resistivity results from the measurement at the horizontal sample and the transversal resistivity from the vertical sample. A seismic anisotropy ratio is defined using the measured velocity values parallel (v pH ) and perpendicular (v pV ) to the stratification [20] :
The determined petrophysical parameters, the anisotropy of permeability, the anisotropy of electrical resistivity, and the anisotropy of P-wave velocity (Minimum, maximum and average values) are compiled in Tables 1-4 .
Results and discussion

Petrographic investigations
Regarding the investigation of the thin sections, the studied rock samples can be divided into three facies, which can be described according to Dunham (1962) [27] as Facies1 (MFA-1) is mainly an oolitic, low dolomitic and low glauconitic, fossil-rich packstone with a tendency towards floatstone or rudstone ( Fig. 2A-D) , Facies 2 (MFA-2) is mainly a glauconite rich, low dolomitic floatstone with some tendencies towards rudstone (Fig. 2E-H) , and Facies3 (MFA-3) is mainly a sparry calcite cemented, low dolomitic rudstone rich in glauconite and iron minerals (Fig. 2I-L) .
The petrographic investigation is focused on the texture and composition of the analyzed samples. The three microfacies associations [Facies1 (MFA-1), Facies 2 (MFA-2) and Facies 3 (MFA-3)] were characterized in former studies by El Sayed et al., (2005) [3] and Öner (2014) [17] .
There is mainly radial cementation that occurs around the fossil shells as shown in Fig. 2B for a sample of Facies 1, it can be found around the fossil shells (Fig. 2H) in Facies 2. In comparison with Facies 1 and 2, the radial cementation can be found in a much the lower extent in Facies 3. Glauconite grains generally occur in the typical 'popcorn shape' as described by Triplehorn (1966) [23] and McRae (1972) [14] . In Facies 1 the quantification of glauconite content by color differentiation resulted in about 0.8%. In Facies 2, the amount of glauconite is relatively high with a measured average amount of about 6.8%, (Fig. 2F and G) . In Facies 3, most of the micritic matrix and glauconite grains can be found within fossil shells (Fig. 2I-L) , the glauconite content is with about 6.8% almost equal to Facies 2. The iron oxides minerals can only be found in Facies 3. The fossil traps also contain a visually estimated total amount of about 5-10% iron minerals ( Fig. 2K and L) . The porosity may be due to the dissolution of shell fragments (Fig. 2C) , and results completely from moldic and oomoldic pores as shown in Fig. 2D . Although some of the moldic pore spaces in the Facies 1 are filled with diagenetic dolomite in the Facies 2, the porosity of Facies 2 is higher than for Facies 1 and 3. The porosity due to the dissolution of brachiopod fragments is present in Fig. 2E . May be due to the high amount of cementation by iron oxides and only few moldic pores, the porosity in Facies 3 is low.
Petrophysical investigations
The grain density shows reasonable values, as all of the samples are limestones. The resulting values closely compare to the grain density of calcite with 2.71 g/cm 3 [16] , where the averaging value of grain density is 2.70 g/cm 3 . The grain density ranges from 2.68 );/ is the porosity (in fraction); k is the permeability (mD) of all the samples of each facies; q is the electrical resistivities (Om) of all the samples of each facies at concentration 60,000 ppm,; v p is the compressional wave velocity (P-wave, m/s) of all the samples of each facies; k H is the horizontal permeability; k V is the vertical permeability; q h is the horizontal electrical resistivity; q v is the vertical electrical resistivity; v pH is the horizontal Pwave velocity; v pV is the vertical P-wave velocity. Where; A k is the permeability coefficient of anisotropy, A q is the electrical coefficient of anisotropy, A v is the seismic anisotropy ratio (P-wave coefficient of anisotropy). 3 , the minimum grain density refers to limestone and the maximum grain density refers to the presence of dolomite [13] . The bulk density is lower than the grain density, because of the normally lighter density of the pore filling compared to the density of the grains. Averaging all bulk density values yields a mean density of 2.51 g/cm 3 . In the geological studies, porosity generally originates from depositional processes (primary porosity) and/or as a result of diagenetic processes (secondary porosity). Averaging all porosity (in fraction) values yields a mean porosity of 0.072. Porosity values for the studied samples spread over a relatively wide interval ranging from 0.022 to 0.170. The porosity values of MFA-1 and of MFA-3 are low with 0.060 and 0.063, respectively, in comparison with the porosity of MFA-2, which is with 0.119 much higher. Averaging all permeability values yields arithmetic mean permeability of 26.35 mD. Permeability values for the samples spread over a relatively wide interval ranging from 0.0002 mD to 900 mD. The results as compiled in Table 2 show low values of permeability for Facies 1 and 3. The average values of permeability of MFA-1 and MFA-3 are low with only 0.044 mD and 0.011 mD, respectively, in comparison with the permeability of MFA-2, which is with 138 mD much higher.
The electrical resistivity values were determined for all the studied samples of both horizontal and vertical direction. Averaging the resistivity values yields a mean resistivity of 32. 25 Om at a concentration of the pore filling fluid of 60000 ppm, NaCl. The average values of q 0 for Facies 3 are much higher than of Facies 1 and Facies 2 ( Table 2) .
The measured velocity values of all samples vary around an average value of 5807 m/s, and spread over a relatively wide interval, ranging from 5270 to 6246 m/s. The P-wave velocity values of MFA-1 and of MFA-3 are slightly higher with 5849 m/s Fig. 2 . Ooid grains with biomorphs, bioclasts and sometimes already dissolved shell fragments (A), (sample M1-1, 4x, PPL), MFA-1. Radial cementation around the shell fragments and sparitic cementation in the bigger pore spaces (B), (sample M1-1, 2x, XPL), MFA-1. Moldic pore space due to dissolved fossil shell (C), (sample M1-1, 2x, PPL), MFA-1 and Oomoldic porosity (D), (sample M1-1, 2x, PPL), MFA-1. Ooid grains with dissolved brachiopod fragments in the center (E), (sample P1, 4x, PPL), MFA-2. Typical fossil trap of a gastropod shell filled with glauconite grains (F and G) (sample P3, 2x, PPL and sample P3, 4x, PPL, respectively), MFA-2 and radial cementation around a fossil shell (H), (sample P3, 4x, XLP), MFA-2. Moldic pore and fossil trap structure with glauconite and iron minerals inside, calcitic sparite cement outside the trap (I and J), (sample P3, 2x, PPL and P8, 2x, PPL, respectively), MFA-3 and glauconite, micrite and iron minerals in the fossil trap and sparry calcite cements outside (K and L), (sample P8, 4x, PPL and P8, 10x, PPL, respectively), MFA-3.
and 5848 m/s, respectively, in comparison with the P-wave velocity of MFA-2, which is lower with 5609 m/s. The horizontal permeability ranges from 0.002 mD to 900 mD and reaches arithmetic mean permeability value of 51.5 mD. The vertical permeability values range from 0.0002 mD to 22 mD, with arithmetic mean permeability value of 1.24 mD.
The anisotropy of permeability values calculated from Eq. (8) of MFA-1 and of MFA-3 are low with 1.55 and 1.54, respectively, in comparison with the anisotropy of permeability of MFA-2, which is with 3.04 much higher. The longitudinal resistivity (q H ) ranges from 5.28 Om to 102 Om and transverse resistivity (q v ) from 13.5 Om to 121 Om. The average transverse resistivity (q v ) of 37.5 Om is significantly higher than the longitudinal resistivity (q H ) with a value of 27.0 Om. The values of the coefficient of anisotropy A q are low for MFA-1 and MFA-3 with 1.41 and 1.34, respectively, in comparison with the coefficient of anisotropy of MFA-2, which is with 2.05 much higher.
The vertical velocities (v pV ) of most of the studied carbonate samples are slightly greater than the horizontal velocities (v pH ). The average transverse P-wave velocity (v pV ) of 5857 m/s is about 1.8% higher than the longitudinal P-wave velocity (v pH ) of 5755 m/s. The longitudinal P-wave velocity ranges from 5270 to 6117 m/s and transversal P-wave velocity from 5510 to 6246 m/ s. For most sedimentary formations v pH > v pV is observed resulting in A v > 1. The P-wave anisotropy ratios of MFA-1 and of MFA-2 are similar with their values ranging from 0.95 to 1.07 and from 0.93 to 1.06, respectively, while the P-wave anisotropy ratio of MFA-3 is slightly lower, where its value is ranging from 0.93 to 0.96. Since all values of the seismic anisotropy ratio are close to one, no anisotropy is observed for the samples investigated in this study. The slight variation of horizontal and vertical P-wave velocity may be caused by using different samples for the two measurements.
The permeability values of the carbonate samples are controlled mainly by porosity and pore size [18] . In Fig. 3 , the correlation between porosity and all the permeability values indicates that the permeability increases with increasing porosity. A good relationship was found between porosity and permeability, with weak to fair correlation coefficients (R = 0.42, 0.69 and 0.56 for MFA-1, MFA-2 and MFA-3, respectively). It is represented by the following power law equations:
MFA-2 is characterized by high permeability according to the high porosity. The two other facies MFA-1 and MFA-3 indicate low permeability and low porosity as can be seen in Fig. 3 .
The formation resistivity factor F has the dominant effect for permeability prediction [24] . Fig. 4 shows the formation resistivity factor that correlates well with the permeability values with fair to very good correlation coefficients (R = 0.88, 0.63 and 0.60 for MFA-1, MFA-2 and MFA-3, respectively). The fitting lines can be described by the following equations:
Fig . 5 shows the relationships between the directional parameters (permeability, resistivity, and P-wave velocity) in both vertical and horizontal directions of the studied carbonate samples. In Fig. 5A , the cross plot between horizontal permeability k H ð Þ and vertical permeability k V ð Þ shows that the horizontal permeability is greater than the vertical permeability. The cross plot between horizontal resistivity (q H ) and vertical resistivity (q v ) (Fig. 5B) shows that the values of vertical resistivity are greater than the horizontal resistivity for most of the samples. The cross plot between horizontal P-wave velocity (v pH ) and vertical P-wave velocity (v pV ) (Fig. 5C) shows that the vertical velocities of some of the studied carbonate samples are greater than the horizontal velocities, while the horizontal velocities of the other samples are greater than the vertical velocities. Fig. 6 shows a comparison between the anisotropy of both permeability and electrical resistivity. The symbols of most samples are located close to the diagonal line that represents equal anisotropy for permeability and resistivity.
The porosity values of MFA-1 and of MFA-3 vary in a similar range with a maximum value of around 0.07, while MFA-2 is characterized by a higher average porosity value, which is about 0.12. The porosity of MFA-1 may be due to the dissolution of shell Fig. 3 . Relationship between porosity and permeability of the studied samples. Fig. 4 . Relationship between formation resistivity factor and permeability of the studied samples. fragments (Fig. 2C) , and completely resulted from moldic and oomoldic pores (Fig. 2D) . Although some of the moldic pore spaces are filled with diagenetic dolomite in the MFA-2, the porosity is higher than for MFA-1 and of MFA-3. The porosity in MFA-2 is caused by dissolved brachiopod fragments as present in Fig. 2E . The porosity in MFA-3 is low may be due to the high amount of secondary cementation and only few moldic pores.
The high permeability of MFA-2 is directly linked to the increased porosity in comparison to MFA-1 and MFA-3 (Fig. 3) . The MFA-2 exhibits a much higher porosity and permeability. The values of horizontal permeability k H ð Þ are mostly higher than the values of vertical permeability k V ð Þ; where the mean value of k H is 51.45 mD and the mean value of k V is 1.24 mD.
The longitudinal resistivity values (q H ) are mostly lower than the transverse resistivity values (q v ), where the mean value of q v is 37.5 Om and the mean value of q H is 27.0 Om. As shown in Fig. 4 , the formation factor correlates well with permeability indicating fair to very good correlation coefficients, which confirms the dominant effect of the formation factor for permeability prediction. The coefficients of anisotropy of permeability and electrical resistivity are relatively low for the samples of MFA-1 (1.55 and 1.41, respectively) and MFA-3 (1.54 and 1.34, respectively), which The cross plots A: between horizontal permeability and vertical permeability; B: between horizontal resistivity and vertical resistivity; C: between horizontal P-wave velocity and vertical P-wave velocity of the studied samples. Fig. 6 . The cross plot compares the anisotropy of electrical resistivity (A q ) and the anisotropy of permeability (A k ) of the studied samples.
indicate low porosity (0.060 and 0.063, respectively). The coefficients of anisotropy of permeability and electrical resistivity remarkably increase for the samples of MFA-2 (3.04 and 2.05, respectively), which are higher in the porosity (0.119). The higher degree of anisotropy that is observed for both resistivity and permeability for samples of MFA-2 is caused by a better connectivity of the pore space in the horizontal direction, which corresponds to the direction in parallel to the original stratification. It should be noted that both electrical conductivity (the inverse of resistivity) and permeability are controlled by the pore space and its connectivity.
The decrease of porosity, which is observed for the samples of MFA-1 and MFA-3, is mainly caused by precipitation of calcite cement or iron minerals in the pore space. The reduction in porosity is mainly accompanied by a decline in the connectivity of the pore space in horizontal direction that results in a reduced anisotropy. Using Eq. (8) as a definition for the coefficient of anisotropy for permeability as proposed by Halisch et al. (2008) [5] , the resulting values become comparable with the coefficients of anisotropy for resistivity. This observation confirms that anisotropy of electrical conduction and hydraulic conduction are related to each other.
The P-wave velocity is more related to the rigidity of the grain skeleton than to the structure the pore space. The study shows that the values of transverse P-wave velocity (v pV ) are similar to the values of longitudinal P-wave velocity (v pH ). Therefore, the values of the anisotropy ratio of P-wave velocity are close to one for all facies. This means that no anisotropy can be detected in the seismic velocity for all three facies. . 3. The porosity and permeability for MFA-1 and MFA-3 are rather small, while MFA-2 exhibits a much higher porosity and permeability. 4. Similar coefficients of anisotropy are observed for electrical resistivity and permeability. 5. A higher anisotropy in resistivity and permeability is observed for MFA-2, which is mainly caused by a better connectivity of the pore space in the direction in parallel to the stratification. 6. The decrease of porosity for the samples of MFA-1 and MFA-3 is mainly accompanied by a decline in the connectivity of the pore space in horizontal direction and a reduced anisotropy. 7. The present study confirms that anisotropy of electrical conduction and hydraulic conduction are related to each other. While the values of anisotropy ratio of P-wave velocity are close to one for all facies, this means that no anisotropy can be detected in the seismic velocity. 8. The changing glauconite content of the three microfacies has no significant effect on the petrophysical properties as well as on anisotropy.
